This work addresses the experimental measurements of the pressure (0.10 < p/MPa < 10.0) and temperature (293.15 < T/K < 393.15) dependence of the density and derived thermodynamic properties, such as the isothermal compressibility, the isobaric expansivity, the thermal pressure coefficient, and the pressure dependence of the heat capacity of several imidazolium-based ionic liquids (ILs), namely, 1-butyl-3-methylimidazolium tetrafluoroborate, [ . These ILs were chosen to provide an understanding of the influence of the cation alkyl chain length, the number of cation substitutions, and the anion influence on the properties under study. The influence of water content in the density was also studied for the most hydrophobic IL used, [omim]- [PF 6 ]. A simple ideal-volume model was employed for the prediction of the imidazolium molar volumes at ambient conditions, which proved to agree well with the experimental results.
Introduction
Ionic liquids (ILs) have been the object of increasing attention due to their unique physicochemical properties such as high thermal stability, large liquidus range, high ionic conductivity, high solvating capacity, negligible vapor pressure, and nonflammability that make them ideal solvents for green chemistry and clean synthesis. [1] [2] [3] [4] [5] [6] [7] ILs also present significant cost reduction and environmental benefits because they can be used in many extraction and cyclic processes without losses, in contrast with the volatile organic compounds used nowadays. 1, [8] [9] [10] Furthermore, the promising physical and chemical properties of ILs allow their use as electrolytes for diverse technologies (e.g., in lithium secondary batteries, photoelectrical and fuel cells, electric double-layer capacitors, and other electrochemical devices). Regarding electrochemical processes, ILs seem to be convenient solvents since their ionic structures should afford good conductivity without the addition of a supporting electrolyte.
The design of industrial processes and new products based on ILs are only possible when their thermophysical properties including viscosity, density, and interfacial tension are adequately known. Unfortunately, the thermophysical property characterization of ILs is limited, and it is necessary to accumulate a sufficiently large data bank on the fundamental physical and chemical properties, not only for process and product design but also for the development of adequate correlations for these properties.
ILs are typically a combination of bulky organic cations and soft anions. Since a large number of cationic and anionic structures combinations are possible, their physicochemical properties can be easily tuned by changing the structure of the component ions. Thus, a goal of the present study is to present reliable density data for a series of six ILs and their temperature and pressure dependence. As it is impossible to measure all possible combinations of anions and cations, it is necessary to make measurements on selected systems to provide results that can be used to develop correlations and to test predictive methods.
The objective of this work is to investigate the relationship between ionic structures and their density in order to establish principles for the molecular design of ILs. For that purpose, the [bmim] cation was studied in combination with two anions, [CF 3 SO 3 ] and [BF 4 ], and the [omim] cation was studied in combination with the [BF 4 ] and [PF 6 ] anions to provide conclusions about the anion effect. On other hand, the [PF 6 ] anion was combined with three different cations ([bmmim] , [hmim] and [omim] ) to study the effect of alkyl chain length and the number of substituents on the imidazolium ring on the density and derived properties.
The results of the current study indicate that the density of the imidazolium-based ILs can be manipulated by judicious selection of the cation and anion. A regular increase in the molar volume with the addition of -CH 2 groups to the cation alkyl chain length was observed. The molar volume is also proportional to the anion effective size, and a simple ideal-volume model is shown to provide a good description of the imidazolium molar volumes at ambient conditions.
It was already shown that the presence of water in the IL has a considerable effect in the physical properties of ILs. [11] [12] For that reason, the study of the density of [omim][PF 6 ] saturated with water at 293.15 K was also included in order to evaluate the extension of the influence of the water content in the density and related derived properties for the most hydrophobic of the ILs studied.
The liquid densities were correlated with the Tait equation; 13 other thermodynamic properties such as the isothermal compressibility, the isobaric expansivity, the thermal pressure coefficient, and the pressure dependence of the heat capacity were calculated and shown in some examples. The results show that the two-parameter Tait equation correlates well the pure ILs studied with deviations from experimental data less than 0.02 %. For the water-saturated IL isothermal densities, the Tait equation does not provide such a good description, presenting a maximum deviation from the experimental data of 1.2 %. 6 ]. For that purpose, this compound was saturated with ultrapure water, maintaining the two phases in equilibrium, at 293.15 K for at least 48 h, which was previously found to be the necessary time to achieve equilibrium. The water mass fraction content in the saturated [omim] [PF 6 ] was (11905 ( 98) × 10 -6 . The water used was double-distilled, passed by a reverse osmosis system, and further treated with a Milli-Q plus 185 water purification apparatus. It has a resistivity of 18.2 MΩ‚ cm, has a TOC smaller than 5 µg‚L -1 , and is free of particles greater than 0.22 µm.
Experimental Section

Materials
Apparatus and Procedure. Experimental densities were measured using an Anton Paar DMA 60 digital vibrating-tube densimeter, with a DMA 512P measuring cell in the temperature range (293.15 to 393.15) K and pressure range of (0.10 to 10.0) MPa. The temperature in the vibrating-tube cell was measured with a platinum resistance probe that has a temperature uncertainty of ( 0.01 K coupled with a GW Instek Dual Display Digital Multimeter GDM-845. A Julabo P-5 thermostatic bath with silicone oil as circulating fluid was used in the thermostat circuit of the measuring cell, which was held constant to ( 0.01 K. The diameter of tube is 1/16 in., and the buffer is more than 1 m in length, which guarantees the inexistence of diffusion of the hydraulic liquid in the liquid contained in the cell of densimeter.
The required pressure was generated and controlled with a pressure generator model 50-6-15, Mftd. from High Pressure Equipment Co., using acetone as the hydraulic fluid. Pressures were measured with a pressure transducer (Wika transmitter S-10, Mftd. from WIKA Alexander Wiegand GmbH & Co.) with a maximum uncertainty of ( 0.025 MPa.
Water, n-perfluorohexane, and n-perfluorononane were used as reference fluids for the calibration of the vibrating-tube densimeter in order to guarantee an interpolation besides an extrapolation of the IL densities. [14] [15] [16] The reference fluids density data were used to fit the calibration equation proposed by Niesen, 17 which has a solid theoretical basis as discussed by Holcomb and Outcalt. 18 It can be described as follows:
where F(T, p) and τ(T, p) are the density and the vibration period, respectively, which are both functions of the temperature T and the pressure p. The vibration period τ(T 0 , p 0 ) is a measure of the reference temperature T 0 and vacuum. In this work, T 0 ) 303.15 K and the measured period at p ) 0 is τ(T 0 , p 0 ) ) 0.388074 µs.
For water, the density data from Saul and Wagner 14 and those taken from National Institute of Science and Technology (NIST) 15 in the temperature range of (293.15 to 393.15) K and pressures from (0.1 to 35) MPa were used, while for the n-perfluorohexane and n-perfluorononane reference fluids, density data were taken from Piñeiro et al. 16 in the same pressure and temperature range of this work. The standard deviation of the fitting σ is defined as where F cal and F exp are respectively the density data from eq 1 and the experimental data for the measurement i, N p represents the number of points used (N p ) 174), and k is the number of adjusted parameters (k ) 6) providing a standard deviation of the fitting of the order of ( 1 kg‚m -3 . The percentage average absolute deviation, AAD(%), from the experimental data to the fitting is defined according to providing an average value of AAD(%) of 0.002 % for all the ILs studied.
The influence of the viscosity on the densities was evaluated. In order to check the effect of viscosity in the density, a viscosity correction for compounds with viscosities < 100 mPa‚s was applied with the equation proposed for the density uncertainty of an Anton Paar DMA 512 densimeter. 19 For compounds with viscosities higher than 400 mPa‚s, the correction factor becomes constant 20 and equal to 0.5 kg‚m -3 . Between (100 and 400) mPa‚ s, the viscosities correction follows an intermediate behavior. 
of both ILs is inferior to 100 mPa‚s, there is an average density uncertainty of 0.3 kg‚m -3 for both. For other ILs and/or other higher pressures where the viscosity increases, the correction value of 0.5 kg‚m -3 was assumed, being inferior to the uncertainty in the overall density data of 1 kg‚m -3 . For that reason, the viscosity corrections were neglected in the present work.
Results and Discussion
Density Measurements. Density measurements were carried out at temperatures ranging from (293.15 to 393.15) K and pressures from (0.10 to 10.0) MPa. The experimental data obtained are reported in Tables 1 and 2 for all the ILs studied. 6 ], the density was measured only for temper- 4, 6, [22] [23] [24] [25] [26] [27] and the relative deviations between the experimental data obtained in this work and those reported by the other authors at 0.10 MPa and from this work and Azevedo et al. 22 at 10.0 MPa are presented in Figure 1 . The figure shows that no systematic errors are present, where the maximum deviations found are in the order of 1. 6 ], respectively, and appearing at the lower temperatures in respect to Gu and Brennecke. 24 However, a better agreement can be observed at higher temperatures. In general, the deviations from our data and the literature range from (-0.6 to 1.2) %, and they can be due essentially to the salts purity including water and halides content and also from the experimental technique adopted.
From the experimental densities for a given anion, it is observed that as the alkyl chain length in the imidazolium cation increases, the density of the corresponding IL decreases. 6 ]. The average change of (33.88 ( 0.01) cm 3 ‚mol -1 by the addition of two -CH 2 groups observed in the measured data is in good agreement with those reported by Azevedo et al. 22, 28 and Esperança et al. 29 and are anion independent.
The molar volumes for a series of ILs with the same cation seem to increase with the effective anion size from [BF 4 6 ] density across the pressure and temperature range investigated as much as other properties such as viscosity and surface tensions. [11] [12] 30 Esperança et al. 29 have demonstrated the ability of a simple model for ILs molar volume prediction, where the molar volume (V m ) of a given IL is considered as the sum of the effective molar volumes occupied by the cation (V* c ) and the anion (V* a ):
Using this approach, for a given ionic liquid knowing the effective size of the anion, it is possible to determine the molar volume of the cation and vice-versa. Moreover, it was verified that there is a proportional increment with the methyl groups and that is irrespective to the anion identity. Thus, it was possible to use the molar volumes presented by Esperança et al. 29 for the estimation of the volume of a new anion group ([CF 3 SO 3 ] ) and a new cation group ([bmmim]). The effective molar volumes of these new groups are reported in Table 3 along with predictions to the molar volumes of the studied ILs. Deviations from experimental values are less than 0.5 %, showing the good predictive capability of this simple model. Thermodynamic Properties. The experimental density values can be used to derive some thermodynamic properties, such as the isothermal compressibility (κ T ), the isobaric thermal expansion coefficient (R p ), the thermal pressure coefficient (γ p ), and the heat capacity pressure dependence (∆C p ).
The fitting of the isobaric density data was performed using a Tait equation 13 as described by where F* is the density at a given temperature and at a reference pressure of 0.1 MPa, and A and B are coefficients of the Tait equation 13 that are temperature-and IL-dependent. This equation is known to represent very well the density behavior of liquids over pressure at constant temperature. The correlation parameters for each isotherm and the maximum relative deviations from experimental data are reported in Tables 4 and 5 
compressibility (κ T ) that is calculated using the isothermal pressure derivative of density according to the following:
where F is the density and p is the pressure at constant temperature, T. The isothermal compressibilities can be thus easily calculated using the fitting of eq 5 to the density data. For illustration purposes the isothermal compressibilities of [hmim] [PF 6 ] are shown in Figure 3 . The standard deviations presented were calculated with the law of propagation of errors from the standard deviations of each constant of eq 5. Although the associated uncertainty is quite large, as shown by the error bars in Figure 3 , it seems that the ILs become more compressible with increasing temperatures. On the other hand, it would seem that the ILs become less compressible with increasing pressure, but if the large standard deviations associated with these values are considered, the isothermal compressibilities should be considered constant in the pressure range studied. 6 ] at 0.10 MPa and 323.15 K, we found a deviation of -21 % and 5 %, respectively, from the data reported by Gu and Brennecke. 24 It should be noted that there is a strong dependence of the derivation method from the fitting to the experimental data. To determine accurate derivative properties, a large number of experimental density points should be collected.
Unfortunately, there is no expression analogous to the Tait equation to adequately describe the volume variations versus temperature at constant pressure. For those situations where the statistical scatter of the raw data is large as compared to an unambiguous determination of the curvature, the use of ln(F) ) f (T) is recommended because it avoids the mathematical violation that can arise from the assumption of considering the density as a linear function of temperature, and the isobaric expansivity is described by where F is the density and T is the temperature at constant pressure, p. If this function is linear, then ln(V) ) f (T) is also linear, and R p is constant since it is temperature-independent. To investigate the R p dependence with temperature relative to other compounds reported in literature, 22, 24, 28, 29 a second-order polynomial function for the temperature dependence of the ln(F) was chosen: 
ln (
where F is the experimental density at each pressure and temperature; F 0 is assumed to be 1.0 kg‚m -3 ; T is the temperature; and C, D, and E are constant parameters determined from the experimental data using a second-order polynomial equation at constant pressure, p. The fitting coefficients of the second-order polynomial equation for each IL at constant pressure are presented in Tables 6 and 7 . Using eqs 7 and 8, the following equation is obtained:
At first approach, R p seems to decrease with temperature as shown in Figure 4 for [omim] [BF 4 ]. However, if the standard deviations determined with the law of propagation of errors from the standard deviation coupled to each parameter adjustment on this property are considered, they are shown to be very large, and no statistically significant temperature dependence can be assigned to this property for most of the ILs studied, even in the large temperature range used in this work. It can nevertheless be shown that the ILs studied do not notably expand with temperature. However, there are some ILs that present more significative decreases in R p with temperature, if obtained from eq 9, but in fact, ILs seem to not expand markedly with temperature. The present R p values are lower than most organic liquids and similar to those of water at temperatures where the working fluids are in the liquid state. 15 6 ] as well as the associated uncertainties are depicted in Figure 5 . The γ V decreases with temperature and increases slightly with pressure for all the ILs studied, if the standard deviations are not taken into account. However, if this is done, it can be seen that the γ V is almost constant in the temperature and pressure range studied. The standard deviations were determined with the law of propagation of errors from the standard deviations of R p and κ T .
A comparison for the isothermal compressibilities and isobaric thermal expansivities as a function of temperature at a constant pressure of 5.0 MPa for the ILs studied is presented in Figure  6 . The standard deviations were not included in these derived properties in order to facilitate the identification of the ILs; however it should be noted that as mentioned before they are as large as shown in Figures 3 and 4 . Some conclusions can nevertheless be drawn. From Figure 6a , there is an indication that the ILs with higher molar volumes are generally more compressible since κ T increases with the alkyl chain length of the cation and with the effective anion size. On the other hand, Figure 6b shows that the thermal pressure coefficient decreases with the alkyl chain length of the cation and with the effective anion size. For both cases, it can also be seen that there is an increase in the derived properties with the presence of water in the IL.
The isothermal variation of heat capacity with pressure can be calculated with which in combination with eq 7 gives where C p is the isobaric heat capacity, p is the pressure, T is the temperature, M is the relative molecular mass, and R p is the thermal expansion coefficient determined by eq 9. The integration of eq 12 gives where p* is the reference pressure (p* ) 0.1 MPa).
The differences between the isobaric heat capacities at a reference pressure and at a given pressure p are approximately 
]} dp (13) linear. Results are presented in Table 8 for the highest pressure studied. Due to the larger values of the experimental C p data, 4, 31 the ∆C p of ILs are negligible except for very high pressures far outside the pressure range studied.
Conclusions
Experimental density data for six pure ILs in the temperature range (293.15 to 393.15) K and pressure range (0.10 to 10.0) MPa are presented, and the water content influence in the density of the most hydrophobic IL was also assessed. Density results show that it can be tailored by structural variations in the cation and anion. From the experimental data, a proportional molar volume increase with the -CH 2 addition to the alkyl chain length of the 1-C n -3-methylimidazolium-based ILs was observed, and a molar volume increase with the effective anion size was also observed. A simple ideal-volume model previously proposed 29 was employed for the prediction of the imidazolium molar volumes at ambient conditions and proved to agree well with the experimental results. Water content, anion identity, and alkyl chain length can be a significant factor when considering the applications of a particular IL.
The liquid densities were correlated with the Tait equation 13 that has been shown to describe extremely well all the pure dried ILs studied with deviations from experimental data smaller than 0.02 %. However, larger deviations were found for the correlation of the water-saturated IL isothermal densities with the Tait equation, presenting a maximum deviation from the experimental data of 1.2 %. The experimental results were also used to derive some thermodynamic properties such as the isothermal compressibility, the isobaric expansivity, the thermal pressure coefficient, and the pressure difference in heat capacities of the studied ILs that are difficult to obtain by direct measurements at extreme conditions of pressure and temperature. 
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